His research explores the intersection of creativity, cognition, and computing. This interdisciplinary work leads to studying creativity and human cognition, building artificial intelligence systems that can creatively collaborate with human users, and exploring the use of human creativity as a gateway to better understanding how to effectively teach computing skills. Much of this work results in cutting edge digital media experiences in digital games, interactive narrative, and educational media.
Introduction
In disciplines ranging from science to the humanities to the arts, computational thinking has become central to how we create, communicate, experiment, evaluate, iterate, and innovate [1] . Computer science education research has generally focused on engagement [2] , [3] compelling domains for learning computing [4] - [9] , and specific pedagogical strategies [10] , [11] . However, as a nation we have yet to make major strides in developing computing literacy as a core 21st century STEM skill for tackling multidisciplinary problems [12] . Computing is seen as uncool and approaches to teaching it may be uninspiring [13] . Yet demand for computer scientists in the job market remains robust: over 1.4 million computing-related jobs are estimated to be available nationally in 2018, with US universities only meeting a third of that demand in degree production [12] .
Music, a ubiquitous part of human culture with directly observable neurological foundations in the human brain [14] , [15] , may serve as a more ubiquitous approach to engaging prospective students in computing than other domains. For example, recent research has suggested that for African-Americans, music is such an activity [16] , [17] . A recent study of the occupational interests of 22,000 teenagers, for instance, found that African-American males were about half as likely to be interested in computer programming careers than white males but a third more likely to be interested in musical careers than white males. The same trend was found in other underrepresented groups as well; girls, for instance, were more than 40% more interested in musical careers than in computer programming [18] .
To change the perception of computing, CS Principles (CSP) is emerging as a new standard for Advanced Placement (AP) and other high school CS courses. CSP takes a broader view of computing literacy, focusing not only on algorithms, data structures, and programming, but also on the social, cultural, and technological impacts of computing. The course, slated for official launch in 2016, has already had success at motivating and engaging students in pilot deployments nationwide [19] , [20] .
EarSketch will promote so-called 21 st Century Skills such as creativity, collaboration, and communication in any computing course, but it is specifically tailored to support CS Principles (CSP). At the core of the curriculum are 35 learning objectives organized under 7 "big ideas" and 6 computational thinking practices [21] . The AP assessment includes both a machine graded exam and a portfolio of human-graded student "performance tasks" [22] completed throughout the course. For one of these tasks, students write programs of their choosing either individually or in pairs, and submit extensive descriptions of the programs, their intent, their design, and the process by which they were created. Students and teachers may choose the programming environments (such as EarSketch) to use in the course.
Background and Relevant Literature
STEAM aims to integrate design and the arts into STEM education and research in order to instill greater creativity, innovation, and cultural relevance into the global STEM workforce of the 21st century [23] - [25] . STEAM projects in computing education have included physical computing and digital fabrication [7] , [26] , music [27] - [29] , games, storytelling, and animation [6] , [30] . These projects generally aim to motivate students to study computing topics by contextualizing them in the arts, and their success depends on the personal motivation of students in that particular artistic domain. For example, the integration of an artistic domain of little interest to most students (e.g. square dancing) may have little positive effect or even negative repercussions, while a domain with near-universal appeal across ethnicities, socioeconomic backgrounds, and gendersuch as music-holds greater promise. To further support broad and effective adoption, we contend that the integrated artistic practices must have low barriers of entry, thereby enabling personal, creative expression by students with no prior domain-specific experience (i.e. a musical domain must be accessible to students who are not musicians).
We contend that a STEAM approach is most effective when both the technical and artistic elements of the learning experience are authentic. For example, in a computational music context, students create music in popular, personally relevant styles and genres (rather than the folk songs, classical music, and pure waveforms predominant in other approaches); learn to code in an industry-relevant language (like Python or JavaScript); use music production paradigms common in the recording industry (like digital audio workstation workflows); and are assessed in part through projects in which they write code to creatively remix music. EarSketch provides exactly such an authentic STEAM context for introductory computing education.
The coupling of music and computer science education is well established; there is indeed a history both of using computers as a means to teach music [31] and of using music as a means to teach programming, dating back to children writing music programs with the LOGO programming language [32] and Tuneblocks [27] . Recent projects have inserted digital music into introductory computer science curriculum by using music libraries in conjunction with a traditional programming languagee.g. learning about concepts such as array manipulation through producing sound rather than doing linear searches of text [2] , coupling Java and a MIDI library so that students can code layered sounds to produce melodies [33] , using the myro.chuck Python module to control music synthesis [34] , and algorithmically generating MIDI messages through Python [35] .
The above prior educational approaches tend to approach music from the level of either signal processing and synthesis (i.e. manipulating or generating buffers of amplitude samples to transform or create sound) or MIDI (i.e. manipulating or generating MIDI messages that represent individual musical notes in a song). With the former approach, beginning students are often limited to creating abstract sounds (i.e. sine waves) or simple transformations (i.e. volume adjustments) that seem disconnected from real music and music technology applications. With the latter approach, students must have a thorough understanding of musical pitch, rhythm, and notation, and even with that background in hand, are often limited to creating simple nursery rhyme or folk song melodies rather than the multi-layered textures common to contemporary popular music. EarSketch approaches music from the level of the digital audio workstation and the audio clip, incorporating music production and remixing in popular styles such as hip hop, dubstep, pop, techno, and electronica to provide a powerful, culturally situated motivational context that requires no prior musical training.
EarSketch Platform
The EarSketch platform includes a programming environment, digital audio workstation, curriculum, audio loop library, and social sharing service that enables students to write Python or JavaScript code to create and share musical remixes. EarSketch students write code to creatively manipulate musical samples and effects while learning computing fundamentals such as loops, lists, and functions. EarSketch is free to use and can be accessed online at earsketch.gatech.edu.
EarSketch Curriculum
The EarSketch curriculum for CSP high school students is an authentic, problem-based curriculum that consists of two units. Our study currently works with a set of three high schools that are diverse in ethnicity as well as socioeconomic status, as shown in Table 1 below. We chose a problem based learning framework, because it has been shown to provide relevance that is more engaging for students in general and for underrepresented youth in particular [36] , [37] . The first problem, called the Client Creativity Challenge, requires the student to design a thirty to forty second musical introduction for their client. The client can be an organization of the student's choice with instructor approval or IBNX radio. IBNX is an Atlanta based internet radio station that has agreed to play the students' artifacts. The second project, called the Collaboration Challenge, requires a student pair to design a two to three minute song as a video background or for entry in to the Brave New Voices Mixtape competition.
Table 1: Demographic Information
The curriculum is aligned to the programming standards of the Georgia Computer Science Principles (CSP) course. This course's standards are similar to the Learning Objectives of the Advanced Placement (AP) CSP course that will launch in the fall of 2016. However, the Georgia CSP does not have further specific requirements, as does AP CSP. As an example the Georgia CSP standard on abstraction, "Use abstraction to manage complexity in programs", is the same as the AP CSP Learning Objective. Yet, in addition, the AP CSP course has fifteen specific Essential Knowledge requirements, under the abstraction learning objective, while the specifics of the Georgia course standard are left to the discretion of the teacher. Table 2 below shows the alignment of the course to the Georgia CSP standards, AP CSP learning objectives, problembased projects, and student understandings for each lesson. As shown in the table the student understandings scaffold based on project relevance, showing the learner the value of a coding topic in EarSketch through a musical purpose. As an example, string data types and looping in EarSketch using the makeBeat function is of value for musical creativity and musical repetition. Seven teachers received twenty hours of professional learning (PL) in June of 2015 to instruct the curriculum during the 2015-2016 school year. The professional learning was designed with two parts, content of the student curriculum and pedagogy [38] , [39] . Part one was on how to use the EarSketch environment with Python, going over the student curriculum at a fast pace. Part two was on the pedagogy behind the curriculum, so that teachers would understand the rationale and sequence behind the problem-based curriculum. District personnel had informed us that all teachers would have a good computer science (CS) background. At the beginning of the PL, based on self-reporting, we found that two of the teachers did have a strong background and the others did not. Two of the other teachers at the PL had taught web design and did not have a strong CS background, while the seventh teacher had a CS degree, but had never taught CS. Hence, four of the seven teachers did not have a CS background. This required us to spend most of our PL time on coding in EarSketch using Python, and very little time on pedagogy. The teachers rated the PL in content, context, and process on a 5 point Likert scale, where 1 signifies Strongly Disagree and 5 signifies Strongly Agree. All ratings were above 4 indicating that the teachers positively received the PL. The highest rating was a 5.0 for the statement "The facilitators helped me understand how to implement my learning". The lowest ratings of 4.20 were about the facilities and the statement "Sufficient time was provided for guided practice and tasks".
Implementation and Initial Results
EarSketch has been specifically targeted toward CSP and AP CSP, but is also applicable toward other K-20 curricula. Some descriptions of courses in which EarSketch was implemented and brief discussions of results, where available, are provided below.
CS Principles piloting:
The EarSketch team collected data on the high school student CSP curriculum using EarSketch taught by three of the teachers that attended the PL. Two of the three study teachers were the teachers that self-reported that they did not have a good CS background. Based on bi-weekly observations of the teachers over a ten-week period, all three of the teachers implemented the problem-based contexts. However, only one of the teachers consistently used the lesson scaffolding designed by the EarSketch team.
Based on this 2015-2016 implementation in three high schools, results reveal that students' attitudes positively and statistically significantly increased across all constructs in our Student Engagement survey, which included constructs such as computing confidence, computing enjoyment, computing perceived usefulness, motivation to succeed in computing, identity and belonging in computing, and intention to persist. In addition, students showed statistically significant gains from pre to post testing on a content knowledge assessment targeting computer programming (not specific to EarSketch). More results will be included in future publications. Claims about EarSketch and its effectiveness in various capacities will be strengthened as more high schools are added to the study over the next two years.
MOOC: EarSketch has been offered as part of a massive open online course (MOOC) on
Coursera by one of the authors (Freeman) (https://www.coursera.org/learn/music-technology/). The course, based on a popular undergraduate survey course in music technology at Georgia Tech, teaches basic music technology theory and history along with traditional music production techniques in digital audio workstation software, then focuses on algorithmic composition and Python coding with EarSketch for the second half of the course. Since 2013, the course has been offered twice in a cohort-based format and is currently available on-demand. Over 43,000 learners have enrolled.
Graduate Media Class:
EarSketch was employed in fall 2014 and fall 2015 at Georgia Tech in a digital media graduate course called The Computer as an Expressive Medium. The class is used as an introduction to programming for digital media students with limited computing background, with a focus on using programming to express concepts, emotions, and critical thought. EarSketch was used as the initial foray into expressive programming, using music remixing as the main focus. The syllabus subsequently moves on to generative poetry and interactive installation.
Undergraduate curriculum for non-majors:
We are developing a new EarSketch curriculum geared towards introductory computing courses for non-majors at the college level, and we want to see if we can replicate the results we have seen at the high school level in this different context, and see what different issues with deployment/curriculum/engagement come up in this context. Our pilot study at Georgia Gwinnett College began in January 2016.
Conclusions & Future Work
Among current computing offerings, EarSketch is unique in its authentic STEAM approach, using the near-universal appeal of music [15] , and the extremely low barrier to music creation afforded by the digital audio workstation paradigm to create a computationally and musically authentic experience requiring no prior music or CS knowledge. The current EarSketch student curriculum, organized as a series of thematic modules, focuses on integrated learning of core CS concepts, Python or JavaScript programming constructs, EarSketch API functions, and music and music technology concepts. For example, students learn the benefits of abstraction and the syntax for defining and calling their own functions at the same time they learn about repetition and variation in popular musical forms; they then define musical sections as functions and use function parameters to introduce musical variations when sections repeat.
EarSketch's authenticity in the computing domain depends on students recognizing that the programming language they learn through it (Python or JavaScript) has broad industry relevance beyond creating music.
Our goal is to continue to integrate EarSketch with CSP and test it in a variety of school settings. Both EarSketch and CSP seek authentic high school student engagement, computing literacy, and broadened participation. EarSketch directly supports the learning objectives and computational thinking practices at the core of CSP, and the CSP framework enables students and teachers to use any programming environment, including EarSketch's.
Beyond CSP and AP CSP, EarSketch has shown promising results to MOOC audiences, graduate audiences, and undergraduate audiences. One of the next audiences to pursue is the middle school and late elementary school audience, a project which has recently been funded by the Arthur M. Blank Family Foundation. Through this project, a block programming version of EarSketch will be developed along with new lessons and materials in support of this new version of EarSketch for piloting in Atlanta-area elementary and middle schools during summer camps.
